Abstract-This paper describes the thermal modeling approach of a permanent magnet alternator (PMA), developed to investigate the quantitative effect of thermal paste added into the machine end winding region. A thermal lumped parameter network is proposed to investigate the principal heat flow paths for a flange mounted alternator. The thermal model is implemented in Simulink, which allows many different heat paths to be easily combined. Since addition of a thermal paste introduces new axial heat flow by conduction paths between the stator windings and frame, the developed thermal network considers the detailed heat flow paths when thermal paste is present. Experimental results are presented which validate the results.
I. INTRODUCTION
Thermal analysis is extremely important as part of the electromagnetic design procedure. There is a strong interaction between the electromagnetic and thermal designs as machine losses (copper, iron and friction) are dependent on the temperature variation and vice versa [1] . Any quantified improvement of thermal performance is hence of value to the machine designer. In this paper, the thermal performance of a Permanent Magnet Alternator (PMA), shown in Fig. 1 and detailed in [2] , is investigated when joined to the test bed shown in Fig. 2 . Although numerical methods such as finite element analysis (FEA) and computational fluid dynamics are very accurate methods to analyze electric machines thermally, e.g. [3] , the analytical approach can help designers calculate the temperature variation under certain boundary conditions more quickly [1] . More importantly, they give insight that help designers understand heat transfer mechanisms and main heat flow paths. In this paper it is used as a tool to quantify the thermal advantage of adding a conductive paste to the end windings of the PMA.
In the literature, the majority of reported work on electric machine lumped parameter modeling has addressed traditional induction machines [4] - [6] . The most important aspect of the temperature distribution problem in previous papers is to reduce the hot spot temperature in the machine with a certain distribution of losses [7] - [9] . Thermal investigation is more complicated when a large test bench is considered. Modelling the machine using numerical methods such as transient thermal FEA method might not be achieved without modelling the whole test bench as reaching steady state would take a significant amount of time in the absence of a particular cooling system, leading to a more complicated thermal model. A convenient lumped parameter thermal modelling approach including radial and axial heat flows has been addressed to investigate thermal performance of the PMA in this paper. The approach is validated experimentally and then used to quantify the effect of thermal paste on heat flow through a PMA. Two identical machines have been tested, where the only difference is that a thermal potting material (Silcotherm AS1420 with 1.38 W/mK thermal conductivity) was added to the end region of the machine to improve the machine cooling, Fig 3. When temperature changes T resulting from injection of a static DC current are compared, it is demonstrated that the prototype with thermal paste gives a better thermal performance. The prototype machine with thermal paste is shown in Fig.4 . to have a 14.86% less temperature rise on the external surfaces of the machine and mounting plate. In this paper we present a thermal model to fully investigate the advantage of thermal paste. Adding a new conductive heat path by potting a thermal paste in the end region of the PMA improves the machine thermal characteristic, and the lumped parameter model allows that improvement to be fully quantified. Since there are no external instruments to cool the machine, only heat transfer by natural convection was considered for the PMA.Heat transfer coefficients for external surfaces, rotor, air gap and end windings were calculated as given in [10] - [11] .
There are many physical parameters affecting temperature increase inside the machine such as thermal contact conductance between the PMA and its housing, uncertainty of thermal conductivity for different materials, estimation of heat transfer coefficients for natural convection etc. Therefore, simplification of complex geometry might be useful to manage theoretical and FEA thermal modelling of PMA when it is spinning or stationary. The test rig was illustrated in Fig. 2 , and has rough dimensions of 3.15 m 0.795 m 0.712 m. This shows how PMA is relatively smaller compared to the test rigroughly an order of magnitude. In order to reduce thermal modelling complexity for the static thermal tests, the PMA with a mounting plate was isolated from the complete test rig by using 60 mm thick wood pieces under the mounting plate block.
The machine can be further simplified by taking symmetry into account. Therefore, a quarter of the PMA was used in an FEA model to investigate the machine thermal behavior. In this case, the machine cannot be assembled to a full mounting plate due to violated symmetry on the geometry. A time dependent temperature boundary condition was inserted to the top surface of the mounting plate that mimics the thermal behavior of the isolated test rig without distorting the thermal time constant of the proposed model.
978-1-5090-4281-4/17/$31.00 ©2017 IEEE The models were injected with a DC current to investigate the thermal response. In Fig. 5 , temperature variations around the machine casing and stator for full and one quarter FEA models are seen to very close, with less than 5% temperature error. The concept of modelling just one quarter of the machine is hence validated.
III. THERMAL NETWORK
A thermal network was developed to identify the temperatures throughout the PMA including windings, laminations and external casing when only copper losses are injected to the coils at steady state. In much thermal network modelling, authors strive to reduce the number of nodes to simplify computation. Here, the thermal model is implemented in Simulink, which allows many different heat paths to be easily combined. The model incorporates negative compensation thermal resistance, which is represented in Simulink by controlled voltage source (CCVS). It allow us to take full advantage of Simulink software for this application. Thermal network sub-blocks were used for each significant part of the PMA. Since a radial flux machine consists of many heat generating 2D hollow cylinders with inner and outer radius , , thermal conductivity , and length , Tequivalent thermal circuit is derived from the heat conduction equations [12] . For radial direction:
For axial direction: (4) (5) (6) Note that and are negative thermal resistances. They are modeled as a current controlled voltage source (CCVS) in Simulink to obtain a negative resistance for thermal modelling of the PMA. For each tooth-slot combination, a thermal sub-model including radial and axial heat flows was created in Simulink. Fig. 6(b) shows the heat flow through the tooth of Fig. 6(a) .
IV. THERMAL PARAMETER DETERMINATION
A.
Model Implementation The thermal model was first calibrated to determine important thermal parameters such as thermal conductivity of the winding, frame to stator lamination contact resistance, thermal contact conductance between aluminum stator housing and stainless steel end cap. The calibration is performed by modifying the values within reasonable range until responses of transient thermal FEA results, thermal lumped parameter model and steady state DC thermal tests match. It is widely accepted that steady state thermal test is mandatory for the determination of the critical thermal parameters [13] .
There are some assumptions have been made for thermal modelling of the PMA as follows:
• Heat transfer by radiation was excluded.
• Stator windings were considered to be bulk copper with insulation around and effective thermal conductivity of the slot was predicted by FEA calibration. Effective thermal conductivity of the slot is predicted to be 0.15 W / mK • Contact pressure which increases thermal contact conductance [14] between the solid bodies was not investigated.
• Since only steady state DC tests were referenced to predict the thermal performance improvement of the PMA with thermal paste, air flow inside the PMA casing and machine airgap was omitted. Thermal properties of the materials were given in Table I . . This is the case when effective gap is in the range 0.0058 -0.0087 mm. During the thermal calibration process, it was noted that thermal contact conductance between stainless steel end casing and aluminum housing is around 1500 W / m 2°C . This implies that there is not a perfect thermal contact between the machine housing parts. However, varying 978-1-5090-4281-4/17/$31.00 ©2017 IEEE the thermal contact conductance between the stator housing and end casing in the range: 1000 -3000 changes the temperature variation on the machine casing in the range 1°C -3°C as this is not significant temperature difference to cause a substantial temperature distribution error.
Sensitivity analysis was conducted to obtain a thermal contact conductance value between the stator lamination and external stator housing. The interface gap for the PMA, Fig. 7 , is relatively large (0.07-0.09 mm) compared to values given in the literature [1] , [16] (0.01 -0.08 mm), providing poor thermal contact between the stator and machine frame. The obtained thermal contact conductance values are used for the determination of thermal resistances between the contact regions for the lumped parameter modelling. The temperature drop between two contact surfaces is in the form [17] : (7) where, b is called the contact coefficient and is the surface area of the contact.
B.
Identification of Heat Transfer Coefficients If a temperature exchange due to the convection exists, the convection resistance is defined as [18] : (8) where, h (W/m 2o C)s the convection heat transfer coefficient for the convection area . Since thermal modeling is performed for the stationary PMA, speed dependent heat transfer coefficients as proposed in [19] - [20] such as rotor, internal air and end winding convections will not be significant.
The rotor of the PMA was taken as a horizontal cylinder for which temperature dependent heat transfer coefficients are calculated as given in [10] - [11] . The convection heat transfer coefficient between stator winding external connections and inner air can be evaluated as proposed in [11] : (9) As the mounting plate also has a horizontal plate at the bottom, natural convection from a horizontal plate can be predicted using the equations [21] : 
V. EXPERIMENTAL VALIDATION OF MODELS
In order to demonstrate the accuracy of analytical and FEA thermal models for the prototype machine with thermal paste, a comparison table with relative error between the modelling methods is shown in Table II . As shown in Table II , relative error between the FEA simulations and lumped parameter model is 3.67%. Also, the error between thermal lumped model and experimental results is 6.99%. Measurements taken from the steady state thermal tests are adequate to quantify the amount of heat flow through the thermal paste by taking axial heat flow into account in thermal lumped model for the PMA with thermal paste.
VI. INVESTIGATING THE EFFECT OF THERMAL PASTE WITH THE THERMAL NETWORK MODEL
Addition of thermal paste to the single side of the stator end region results in axial heat flow becoming a more significant part of the total heat flow inside the machine. In fact, the axial heat flow component is as important as radial the heat component in this case. This is considered in the thermal lumped parameter modeling of the PMA as a new conductive heat path existing around the stator housing. Therefore, heat flow by conduction occurs for the end windings when thermal paste is added to the PMA end region. Heat flow by conduction for the end windings was modeled in the thermal lumped parameter network. The addition of thermal paste adds additional heat paths from the end winding of the coil to the base of the PMA, Fig.9 . For the prototype with thermal paste, since there is no physical contact between the coil end windings, heat transfer by convection occurs between the end windings and internal air. However, when thermal paste is present at the flange side of the prototype, heat transfer by conduction to the machine frame occurs. The thermal model was validated in Table II . . For a quarter of the PMAs with and without thermal paste, Table III shows heat flowing through significant parts of the PMA when maximum copper loss is injected to the coils. As tabulated in Table III , radial heat flow constitutes significant part of the total heat flow (80.16%) for the PMA without thermal paste as axial heat flow occurs only due to heat transfer by convection. Axial heat flow has been improved for the PMA with thermal paste. When 14.4 % of the total generated heat flows axially for the prototype machine with paste, this has been increased to 20% by adding thermal paste. Therefore, it is clear that average thermal conductivity of the PMA machine has been improved by adding thermal paste since thermal resistance between the end windings and internal air is replaced by lower resistance value: 4.96 °C/W.
VII. CONCLUSION
The main focus of the thermal investigation is to quantify the effect of thermal paste added to the machine end region to improve thermal conductivity between the machine stator and housing. A thermal lumped parameter model for the static case of the PMA has been developed in Simulink, including radial and axial T-Network with thermal compensation resistances. After sensitivity analysis of the PMAs with and without thermal paste, thermal performance of the prototypes have been compared by performing steady state dc tests, FEA simulations and analytical lumped parameter modeling. By performing steady state dc tests, FEA simulations and analytical lumped parameter modeling, it is shown that axial heat flow rate is increased 5.6% for the prototype with added thermal paste.
